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A network thermodynamic model of glomerular dynamics: Ap-
plication in the rat. A model of glomerular dynamics has been
developed by using network thermodynamics and the SPICE 2
computer program to further explore the determinants of gb-
merular filtration. The model is designed to be holistic and self-
adjusting, taking cognizance of and permitting quantitation of the
secondary alterations in individual effective glomerular resis-
tances, glomerular blood and plasma flow, capillary oncotic pres-
sure and gbomerular capillary pressure, which inevitably result
when any parameter affecting glomerular dynamics changes.
Such automatic adjustment adds to the precision of computation
and is unique to the present model. Few assumptions are in-
troduced, independent variables (arterial pressure, individual re-
sistances, hydraulic conductivity, hematocrit, and serum protein
concentration) being entered whereas values for the dependent
variables are determined by the computer. In rats, filtration pres-
sure equilibrium is seen not to obtain either under physiologic
conditions or with reasonably large changes in any of the inde-
pendent variables. Capillary pressure is shown to be affected by
any maneuver that modulates single nephron GFR (SNGFR) and
flow across the efferent arteriole (for example, tubule pressure,
serum protein concentration) even when arteriolar caliber is held
constant. The axial rise in colloid oncotic pressure and serum
protein concentration along the capillary is found to be neither
linear nor semilogarithmic, a characteristic that reflects on equa-
tions used to determine capillary hydraulic conductivity. Isolat-
ed change in afferent arteriolar resistance is shown by the model
to produce a linear relationship between glomerular plasma flow
and capillary pressure, and thus between the former parameter
and filtration. Large solitary increases in efferent arteriolar resis-
tance raise SNGFR and a 60% fall in resistance virtually abolish-
es filtration while exerting little change in blood flow. Con-
comitant and equal alterations of afferent and efferent arteriolar
resistances cause filtration to rise linearly with blood flow but to
produce minor change in glomerular capillary pressure, an ex-
ample of true plasma flow dependence. Plasma flow dependence
is, however, found to be unique to this particular circumstance
under physiologic conditions. Adding an optional element that
automatically adjusts effective efferent arteriolar resistance as a
function of Hct2 has but modest effects on glomerular dynamics
except when systemic hematocrit is substantially altered. The
data and conclusions derived in this study are based on typical
values for resistances, hydraulic conductivity, systemic protein
concentration, hematocrit, and arterial and tubular pressures re-
ported for normal hydropenic rats. They will not necessarily hold
in other species in which these values may be distinctly different.
Un modèle de dynamique glomerulaire utilisant Ia thermodyna-
mique de réseau: Application au rat. Un modèle de dynamique
glomCrulaire a été dCveloppC au moyen de la thermodynamique
de rCseau et du programme d'ordinateur SPICE 2 pour mieux
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explorer les dCterminantes de la filtration glomCrulaire. Ce mod-
èle est concu pour être holistique et s'ajustant lui-mCme, prenant
connaissance de, et permettant Ia quantification des alterations
secondaires des resistances glomérulaires effectives individ-
uelles, des debits sanguins et plasmatiques glomérulaires, de la
pression oncotique capillaire et de Ia pression capillaire glomeru-
laire qui surviennent inévitablement quand un des paramètres
qui affectent Ia dynamique glomérulaire change. Un tel ajuste-
ment automatique ajoute a Ia precision du calcul et est original
dans ce modèle. Peu d'hypothèses sont introduites, les variables
indCpendantes (pression artérielle, resistances individuelles,
conductivitC hydraulique, hCmatocrite, concentration des pro-
téines du serum) sent fournies alors que les variables depen-
dantes sont calculées par l'ordinateur. Chez le rat l'equilibre de
pression de ifitration n'est pas obtenu que ce soit dans les condi-
tions physiologiques ou avec des modifications raisonnables des
variables indépendantes. II apparaIt que la pression capillaire est
affectëe par toutes les manoeuvres qui modulent SNGFR et be
debit a travers l'artëriole efférente (pression tubulaire, concen-
tration des protCines seriques), méme quand Ic calibre
artCriolaire est maintenu constant. L'augmentation axiale de Ia
pression colboIdo-oncotique et de la concentration des protCines
sériques Ic long du capillaire n'est ni linéaire, ni semi-bogarith-
mique, une caractCristique qui se reflète sur les equations utili-
sees pour determiner la conductivité hydraulique capillaire. La
modification isolée de la résistance de l'artCriole afférente pro-
duit, scion Ic modCle, une relation linéaire entre be debit plasma-
tique gbomCrulaire et Ia pression capillaire et donc entre be pre-
mier paramCtre et ba filtration. Des augmentations importantes et
isolCes de Ia résistance artCriolaire efférente augmentent
SNGFR et une diminution de 60% de la résistance abolit pm-
tiquement Ia filtration mais ne determine que de faibles modifica-
tions du debit sanguin. Des changements concomitants et egaux
des resistances artCriolaires afférente et efférente entrainent une
augmentation binéaire de la filtration avec be debit sanguin mais
ne produisent que des modifications mineures de la pression ca-
piblaire gbomerulaire, un exemple de dépendance vraie du debit
plasmatique. Celle-ci, cependant, n'existe que dans cette cir-
constance particubiêre dans les conditions physiologiques.
L'addition d'un élément optionnel qui ajuste automatiquement la
résistance artériolaire efférente effective en fonction du cane de
l'hématocrite n'a que des effets modestes sur Ia dynamique
glomérulaire sauf quand b'hématocrite systemique est modifiCe
de facon importante. Les observations et les conclusions de
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cette étude sont basées sur des valeurs typiques des resistances,
de Ia conductivité hydraulique, de Ia concentration des pro-
téines, de l'hématocrite et des pressions artCrielle et tubulaire
rapportCes pour le rat normal hydropenique. Elles ne sont pas
nCcessairement les mêmes dans d'autres espèces chez lesquelles
ces valeurs peuvent être trés diffCrentes.
Network thermodynamics is a systematic means
of problem solving combining nonequilibrium ther-
modynamics with network analysis. This powerful
tool, pioneered by Peusner [1] and others, has been
applied to the analysis of transport in various epi-
thelial structures [2—6]. The approach is very simple
relative to that using compartmental analysis, does
not require great mathematical sophistication, and
uses fewer simplifying assumptions than do conven-
tional modeling techniques. The present study has
used this approach with the SPICE 2 (Simulation
Program with Integrated Circuit Emphasis) comput-
er program [7] to develop a model of glomerular dy-
namics.
The renal glomerulus is a complex capillary struc-
ture suited by its anatomy and its high hydraulic
conductivity (Kr) to the process of filtering fluid
while restricting the transfer of serum proteins. The
driving force for filtration derives from the capillary
blood pressure (Pg), and filtration is opposed by
both the colloid oncotic pressure (COP) in glomeru-
lar capillary blood and the hydrostatic pressure in
Bowman's space (Pt). The capillary blood pressure
in turn is determined directly by the systemic blood
pressure (MAP) and the renovascular resistances
before (RA), within (Reap), and after (RE) the glomer-
ulus. As will be shown below, it is also modulated
indirectly by P, hematocrit (HctA), serum protein
concentration (PROTA), and the volume of filtrate
formed. A number of models of glomerular ultraffi-
tration have appeared in the past [8-13]. Such mod-
els have real value but can only treat the individual
components of glomerular dynamics singly, under
steady-state conditions, and with a number of sim-
plifying assumptions. The present model produces a
nonstatic, holistic, self-adjusting system that per-
mits the determination of interrelationships be-
tween resistances, flows, and pressures in the gb-
merulus under both steady-state and nonsteady-
state conditions. With this approach, dependent
phenomena such as blood flow (GBF), single neph-
ron glomerular filtration rate (SNGFR), glomerular
capillary COP rise (COP), Pg and blood viscosity
change are allowed to "float," and the effect of
changes in serum protein concentration, individual
renovascular resistances (Kf, P, MAP, and system-
ic Hct) on these dependent values can be readily
assessed. Each parameter inherent to gbomerular
dynamic studies can be changed singly or in concert
with others.
Assumptions. In this first generation model, as in
previously published models [8—13], the glomerulus
is treated as a straight, unbranched single capillary
interposed between the pre- and post-glomerular
vascular beds. A branched model more in keeping
with the anatomic reconstructions published by
Elias et al [14] would need to be developed for as-
sessment of such details as intraglomerular colboid
mixing, linear velocity of flow, and so forth. All
available data indicate that glomerular capillary re-
sistance (Reap) is very small relative to the sum of
the other renovascular resistances (Ri), and, for rea-
sons to be outlined below, we assume Reap to be <
1O dyne sec cm-5. Whether the glomerulus is de-
picted as a straight, branched, or parallel capillary
system, thus, would not be particularly important
from the standpoint of the effect of capillary resis-
tance on flow, P5, and GFR. Glomerular capillary
hydraulic conductivity is generally given in terms of
conductivity per glomerulus without any concern
for geometry or specified surface area. Again,
therefore, modeling the glomerulus as a single rep-
resentative capillary produces at least a reasonable
facsimile for our purposes. With a heart rate of 375
to 425/mm in the rat, we assume that the systolic
and diastolic intervals are approximately equal and
that a given mean gbomerular pressure measured ex-
perimentally reflects the true mean pressure. No as-
sumptions are made as to the linearity or lack of
linearity of the change in glomerular plasma flow,
oncotic pressure, or hydrostatic pressure along the
capillary's length. This information is forthcoming
from the model, which provides a profile of such
changes. The protein concentration in glomerular
filtrate is considered inconsequential [15, 16]. The
existence (or lack) of filtration pressure equilibrium
also is determined by the computer input and needs
not be assumed. The transcapillary pathway taken
by filtrate (for example, slit pores, etc.) is unimpor-
tant to the working of the model. Viscosity is a re-
sistive factor whose contribution to the pressure
drop along the glomerulus may be included in the
resistance term at each individual segment. The de-
sirability of including blood viscosity change as a
variable element in gbomerular modeling is subject
to debate, however. On the one hand, the viscosity
rise attendant on a filtration fraction of 0.4 would be
a major consideration if in vitro viscosity measure-
ments [17] can be translated to conditions in the mi-
crovasculature. On the other hand, a considerable
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literature suggests that the dynamic blood viscosity
changes little in vessels the size of the glomerular
arterioles and capillaries, despite filtration-induced
increases in hematocrit and plasma protein con-
centration—a reflection of the so called Fahraeus-
Lindqvist effect [18]. Thus, lacking any firm infor-
mation in this regard, we may consider changes in
blood viscosity to be uncertain in the present model,
and we may consider them to be negligible, to be
some function of Hct2, or to be somewhere between.
In this preliminary report, we thus examine the limit-
ing circumstance at the two extremes. Likewise, al-
though P rises or falls with marked changes in gb-
merular filtration, little change is found with more
modest alterations in SNGFR. Here, therefore, a
fixed value for P consistent with reported experi-
mental values is generally assigned. It is not certain
that the blood pressure proximal to RA equals MAP.
Accordingly, RA is defined as the sum of preglomer-
ular resistances rather than the resistance of the al-
ferent arteriole alone. Values for RA, RE, Pt, PROTA,
and Kf used here are representative of many pub-
lished values [21—25].
Methods
The SPICE 2 program [19] was developed for
electronic circuit design and analysis by Dr. L. W.
Nagel [1] at the Electronics Research Laboratory
University of California, Berkeley. Using only a
small portion of its capacity for the problem at
hand, we use current- and voltage-regulated current
sources (prefixes F and G in elements, respective-
ly), resistors (R), constant voltage (V), and current
(I) sources, and, in ramping resistances, variable re-
sistors (GR).
In this model, fixed pressures (MAP, P, P) are
set by constant voltage sources, designated as cir-
cles or ovals in Fig. 1. Clamped at zero voltage,
constant voltage devices also can serve as amme-
ters to monitor current flow in a given circuit seg-
ment (for example, VX 1, VX2. . . VX10, VJPROT,
VJVIN). Resistances serve their usual function of
producing a voltage drop across themselves and, in
addition, are used to: (a) satisfy a peculiar need of
SPICE to have a path to ground on either side of a
current source (an infinite resistor, RINF) and (b) to
convert node currents to equivalent voltages by in-
clusion of a series unit resistor of value 1 ohm (RU).
Circuit elements are modulated by voltage- or cur-
rent-controlled current sources.
The capillary segment of the glomerulus is mod-
elled as a set of 10 identical subcircuit elements in
series; 20 additional elements add minimally to the
Table!. Effect of number of reticulations on computed values for
glomerular blood flow (GBF)A, filtration rate (SNGFR), filtration
fraction (FF), and glomerular capillary pressure (Pg)a
Number of reticulations
10 20 30
Computer time 1 mm 53 sec 5 mm 37 sec 12 mm 35 sec
GBFA,nh/min 153.3 153.2 153.0
SNGFR, ni/mm 27.5 27.6 27.6
FF,dimensionless 0.36 0.36 0.36
P,mmHg 42.2 42.2 42.3
a See text to define terms. Assumed values for independent
variables are: K, 5 nI/mm - mm Hg; PROTA, 5 gIdl; RA, 3.8 X
1010 dyne sec cm-5; RE + RPE, 2.0 X 1010 dyne sec -cm; 1, 11
mm Hg; Hct, 0.5 ml/ml blood; MAP, 115 mm Hg.
precision of the system and greatly increase compu-
tation time (Table 1). External to these ten reticula-
tions, VMAP sets a voltage equivalent to the mean
arterial pressure whose polarity must be inverted by
VIMAP, a peculiar requirement of the sign conven-
tion of SPICE. The pressure drops across RA (set at
any desired value) to give mean arterial pressure en-
tering the "glomerular capillary's" first subcircuit.
Current (blood volume) flows through all capillary
reticulations and exits to the external circuit and RE
where it is opposed by the constant voltage gener-
ated by source VPE, the peritubular capillary pres-
sure, and RPE, the postefferent vascular resistance.
Each of the 10 reticulations shown in Fig. lB has
three current pathways: one for the RBC volume
alone, one for the protein mass, and one for whole
blood flow. FJRBC is set at a value equal to the
hematocrit and, multiplied by the output of VI-
MAP,, gives the constant RBC volume flowing
through the capillary. The latter value is subtracted
from blood volume at FJVOUT in each reticulation
to give the local plasma volume. FJPIN is a current-
controlled current source whose output represents
the mass of protein entering the capillary/unit time.
Setting its value at PROTA(1-HctA) and multiplying
that value by the current output (volume/mm) of VI-
MAP, we obtain protein mass. This multiplication
step, as in obtaining RBC mass, is achieved by the
computer with a polynomial function of one argu-
ment (a0 + a1x + a2x2 +a3x3 . . .), placing 0 for the
value of a0, setting a1 equal to the value of FJPIN,
and feeding the output current of VMAP as x. The
protein flux entering the first reticulation is mon-
itored by the constant voltage source VJPROT
whose current output impinges on the current regu-
lated current source FJS. Thus, FJS has the value
of FJPROT. It is next necessary to divide the pro-
tein flux at each capillary segment by the corre-
sponding volume flux, but SPICE does not have
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Fig. 1. A Overall model of glomerular dynamics. VMAP is a constant voltage source representing arterial blood pressure and VIMAP
inverts the sign of VMAP. Protein and RBC mass enter from FJRBC and FJPIN and travel unchanged through the circuit. RA and RE are
pre- and post-glomerular resistances, RPE is post-efferent vascular resistance, and VPE sets peritubular capillary pressure. VJRBC,
VX1. . . VX1O, and VF1L are meters for monitoring flow. Ten reticulations are shown in numbered boxes, and their detail is shown in
B. An optional circuit for determining viscosity at RA (not used) is shown. B VJRBC and VJPROT shown as RBC mass. VJVIN and
VJVOUT meter the flow into and out of each reticulation, RCAPI and RCAP2 are resistances on either side of the filtration node,
VF1LSUB monitors GFR/reticulation, and GFIL sets hydraulic conductivity. The reticulation subtracts RBC mass from VJVOUT to
give plasma volume, calculates serum protein concentration at node 11, determines the oncotic pressure at node 12, and computes Pg
(P + COP) at GPUF. GFR is calculated at GFIL as the product GFR K1 AP. C An optional circuit for modulation of RE by blood
viscosity assuming the latter as function of Hcr (see Appendix).
built-in provision for direct division. Accordingly,
the current-controlled current source FJS is joined
via node 11 to a voltage-regulated source, GCV X
JVS. Since Kirchhoff's law requires that current be
equal in all parts of this segment, the output of FJS
must equal that of GCV X JVS and node 11 is
forced to give a voltage equal to FJS/VJVOUT, that
is, the protein concentration. The voltage at this
point controls GCOP, which computes colloid on-
cotic pressure from the polynomial 2 1C + 0. l6C +
00O9C3 [20] at node 12. The latter, acting on GPUF
in concert with node 9 (that is, Pg) and node 5 (re-
flecting Ps), computes net filtration pressures (P5
— COP — Pt) by using a polynomial with 3 argu-
ments a + a1x + a1y + a1z. . ., where a0 = 0, a1 =
1, a2 = —1, a3 = —1. Net filtration pressure (node
13) modulates GFIL (representing Kt) and deter-
mines local GFR according to GFR = KfAP, the
'V.
'pRU3D
A2mflU21
10
c
cTGVOLX0
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value Kf iP being calculated from the simple prod-
uct term of a polynomial with one argument.
The 'blood" entering each reticule is monitored
by the constant voltage source VJVIN and passes
through RCAP 1 (the proximal half of the capillary
resistance for that segment) to give Pg at node 7; it
flows through RCAP2 to VJVOUT, and thence
passes to the input of the next reticulation. Distal to
the 10 subcircuit segments, RE effects the voltage
(pressure) drop equivalent to that across the ef-
ferent arteriole and lies in series with the post-
glomerular resistance RPE and the fixed voltage
source VPE (set at a voltage equal to peritubular
capillary pressure). The volume of filtrate formed in
each reticulation is monitored as it passes through a
constant voltage source (V1X, V2X . . . VbX).
VPT is set at an opposing voltage equal to glomeru-
lar capsular pressure.
The effective resistance in any segment of the gb-
merulus is determined by the length and caliber of
that segment and by the viscosity of blood flowing
through it. Although the exact relationship between
Hct and blood viscosity in small vessels is un-
known, we have built in an optional viscosity-resis-
tance element at RE that computes effective resis-
tance assuming some complex function of the type
viscosity = bHct. This element (Fig. lc) computes
efferent hematocrit, raises the result to any chosen
power at GVISC, and divides the resultant value in-
to a similarly derived reference bHcta value as-
signed to the constant current source [HCT. IHCT
represents the viscosity of efferent arteriolar blood
under assumed standard conditions (SNGFR, 27.5
nI/mm; GBFA, 153.3 nI/mm; and HctA, 50 vol%).
Calculating this quotient bHct/bHcta, the b multi-
plicands cancel, removing at least part of the uncer-
tainty in relating viscosity to Hct. This term multi-
plies the reciprocal of standard efferent resistance
obtained with these conditions at GRE to give ef-
fective efferent arteriolar resistance. No correction
for capillary blood viscosity is needed with the very
low resistance assigned to Rcap because, as may be
seen in Fig. 2, the increase in Reap expected with
filtration-induced change in viscosity would have an
insignificant effect on glomerular dynamics (see be-
low). The effect of hematocrit change on the inde-
pendent variable RA can readily be computed with a
hand calculator and the composite term introduced
as RA rather than further encumbering the computer
program.
Determining the effect of isolated or simultaneous
discontinuous change (ramping) in one parameter or
more is performed automatically by the computer
0.05 0.1 0.5 1.0 2.0
Capillary resistance, dyne seccm5 X iO'°
Fig. 2. Relationship between glomerular capillary resistance
(R,5), glomerular filtration (SNGFR), mean capillary hydro-
static pressure (P9), and glomerular blood flow (GBFA).
by requesting change as a function of time (the scale
is one of reference and, fortunately, not of actual
computing time). The simplest case applies to ramp-
ing of arterial, tubular or postefferent capillary pres-
sure, elements that are modelled as constant volt-
age sources. SPICE 2 has the capacity to permit
such sources to change with time as a piecewise lin-
ear function, a pulse, a sinusoidal signal, or an ex-
ponential signal [19]. Ramping is performed by
specifying the mode of change desired for a given
parameter and directing the program to set that pa-
rameter to new values at specified intervals. The ef-
fect of arterial pressure waveform on glomerular
dynamics, for example, can be assessed by calling
for a sinusoid with specified amplitude, dis-
placement from zero baseline, frequency, and
damping factor. Details of these techniques as ap-
plied to electronic circuits are given in the SPICE
manual [19]. Current sources (for example, FJPIN,
FJRBC) are ramped with an external "clock" ele-
ment whose output multiplies their basal value by a
specified amount at specified "time" intervals. It is
first necessary, however, to feed the output of the
source to a voltage-controlled source, which then
multiplies its value by the voltage of the clock's
node. Ramping resistive elements (for example, RA,
RE, Reap) requires the replacement of a fixed resistor
by a voltage-controlled current source (GR), which,
with different imposed voltages at its opposite
poles, becomes in actuality a resistive device. A
controlling "clock" with a unit resistor in series is
placed external to the device. The product of the
voltages across the "resistor" and of the controlling
clock's node is calculated with a polynomial of two
arguments (axy) and, placing the value of this prod-
uct at 1, x = l/y. In short, the controlling node now
has a value that is the reciprocal (that is, con-
60
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E
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Table 2. Effect of afferent (RA) and efferent (RA) arteriolar resistance, arterial pressure (MAP), serum protein concentration (PROTA),
hydraulic conductivity (K1), capsular pressure (Pt), and systemic hematocrit (HctA) on filtration parameters and end-capillary net
filtration pressure (APE)
Calculated0
SNGFR GBFA Pg COPE + Pt APE
RE RA
dyne sec
ni/mm nI/mm mm Hg mm Hg mm Hg cm5 x 10'°
RE, dyne sec' cm5 x 1O°
1.3 20.9 165.9 36.1 34.8 1.3 1.3 3.8
2,0a 27.5 153.3 42.1 41.3 0.8 2.0 3.8
2.5a 30.0 142.6 47.2 46.8 0.4 2.5 3.8
3.8 30.6 123.8 56.1(0) 56.0(8) 0.02 3.8 3.8
RA, dyne sec cm5 X l0'°
2.3 50.3 217.9 52.9 51.5 1.4 2.0 2.3
3.8a 27.5 153.3 42.1 41.3 0.8 2.0 3.8
4.4 22.1 137.3 39.4 38.8 0.6 2.0 4.4
7.6 6.6 88.5 30.9 30.6 0.3 2.0 7.6
Kf, ni/mm mmHg
1.5 18.8 150.2 43.5 34.8 8.7 2.0 3.8
3 25.1 152.5 42.5 39.3 3.2 2.0 3.85 27.5 153.3 42.1 41.3 0.8 2.0 3.8
7 28.0 153.5 42.1 41.8 0.3 2.0 3.8
10 28.1 153.5 41.9(8) 41.9(5) 0.03 2.0 3.8
MAP, mm Hg
135 38.3 184.4 47.2 46.3 0.9 2.0 3.8
usa 27.5 153.3 42.1 41.3 0.8 2.0 3.8
85 12.2 106.9 34.1 33.7 0.4 2.0 3.8
PROTA, g/dl
2.5 51.9 161.8 38.0 36.5 1.5 2.0 3.8
27.5 153.3 42.1 41.3 0.8 2.0 3.8
6 19.1 150.4 43.4 42.9 0.5 2.0 3.8
8 4.2 145.1 45.9 45.8 0.1 2.0 3.8
ptc,mm Hg
6 32.2 152.5 42.5 42.0 0.5 2.1 3.8
11 28.2 151.0 43.2 42.5 0.7 2.1 3.8
15 24.3 149.6 43.8 43.8 0.8 2.1 3.8
30 4.1 142.3 47.3 47.0 0,3 2.1 3.8
RE RA
dyne sec cm5 x 1O°
0.5 1.0 77.5 569.0 46.9 35.9 11.0 0.5 1.0
2.0 3.8a 27.5 153.3 42.1 41.3 0.8 2.0 3.8
2.3 4.5 23.1 128.2 41.9 41.5 9.4 2.3 4.5
0.9 4.8 4.0 144.4 28.3 27.9 0.4 0.9 4.8
3.9 4.8 49.2 171.8 71.9(3) 71.9(1) 0.02 3.9 2.0
HctA, vol %
30 36.1 153.9 41.8 39.7 2.1 2.0 3.8
40 31.5 154.7 41.4 40.0 1.4 2.0 3.8
soa 27.5 153.3 42.1 41.3 0.8 2.0 3.8
a Presumed normal conditions are: MAP, 115 mm Hg; RA, 3.8 X 1010 dyne sec ' cm5; RE, 2.0 X 1010 dyne sec 'cm5 (includes RPE,
0.1 >< 10'°dyne sec 'cm-8); Kf, 5 nllmin 'mm Hg; PROTA, 5 g/dl; P1, 11 mm Hg; PE, 10mm Hg. Pg values are 0.1 to 0.2 mm Hg < P1A.
Except where RA and RE vary in tandem, parameters are changed singly, keeping all other independent variables at their presumed
normal values. Change in MAP presupposes no autoregulation.
t1Calculated RE and RA values are obtained using the assigned MAP and PE values and computer derived values for GBFA, SNGFR,
and Pg and the equations RA = (MAP X PE)/GBFA; R0 = (Pg — PE)/(GBFA — SNGFR).
RE = 2.1 dyne sec ' cm5 X 10'°.
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ductance) of the resistive device, and its inverse is
the resistance. A computer program with ramping
devices is shown in Fig. 2 of the appendix.
Results
Table 2 shows the values for PgA, PgE, GBFA, and
SNGFR generated by the model when the inde-
pendent variables MAP, P, PE, Kf, PROTA, RA,
and RE are assigned values comparable to those
published by Brenner et al [2 1—25]. In addition, the
values for RA and RE under each circumstance are
back-calculated from the equations: RA = (MAP —
Pg)/GBFA and RE = (Pg — PE)/(GBFA — SNGFR),
using values for Pg, GBFA, and SNGFR determined
by the computer. Regardless of the input values
chosen, the hand-calculated RA and RE values ob-
tained are identical with those introduced into the
computer. Thus, the model accurately mimics the
real glomerulus and produces the predicted results
even when the values assigned to the independent
variables are changed widely.
The computer-derived profile of change in GFR,
net filtration pressure, COP, and P along the gb-
merular capillary is shown in Fig. 3. This figure was
generated by using values of RA, R, PROTA, MAP,
and Pt to give SNGFR, Pg, and GBFA comparable to
those in several published reports [21—25]. A Kfof5
nI/mm mm Hg [26-27] and a HctA of 50 vol% were
assumed [21-23]. For reasons discussed below, gb-
merular capillary pressure, Reap, was assigned a val-
ue of 7 x l0 dyne seccm5. Under these condi-
tions, filtration pressure equilibrium (FPE) is found
to be closely approached but is not achieved. As
shown in Table 2, full FPE obtains only when very
large changes in input parameters are introduced.
Thus, a small positive residual net filtration pres-
sure persists when RE, RA, and K are assigned val-
ues some twofold higher or lower than those report-
ed for the normal hydropenic rat [21-25]. Raising
PROTA from 5 to 8 g/dl or lowering MAP by 30 mm
Hg still does not produce filtration pressure equilib-
rium. We thus feel confident that the absence of
FPE shown by the computer is not due to unwitting
bias in the choice of input values for RA, HctA, RE,
Kf, PROTA, and MAP. Values assigned to glomeru-
bar capillary resistance (Reap) are more problematic,
however. Figure 2 shows the computer-determined
change in PgA and PgE expected as Reap rises while
the other input values are kept constant as in Table
2. Reap has little effect on Pg, SNGFR, or GBFA up
to 2.5 x 1O dyne seccm5, and FPE is not reached
at or below this value. As may be seen from Fig. 2,
however, there is a pressure drop of 4.1 mm Hg be-
tween the beginning and end of the glomerular cap-
illary at this assigned value of Reap. Such an axial
pressure drop is said not to exist in micropuncture
studies [21], the reported value being < <2 mm Hg.
Relying on the accuracy of such reports, Reap is as-
signed a value below l0 dyne seccm5 throughout
this study.
Figures 3 and 4 illustrate the profile of change in
COP and PROT along the capillary's length. Note
that the relationship between these variables and
distance along the capillary is neither linear nor
semilogarithmic, a finding that has some bearing on
the use of an arithmetic mean or a linearly in-
tegrated value for either COP [21] or PROT [28] in
estimating Kf. The model shows that Pg is modulat-
ed by factors other than just the caliber of the pre-
and post-glomerular vessels and MAP. Thus, a fall
in Kfrom 5 to 1.5 nI/mm mm Hg is seen to result in
a 1.4-mm-Hg increase in Pg (Table 2) when input
resistances are held constant. A change in PROTA
from 5 to 2.5 gIdl produces a 4. lmm-HgP5 fall, and
increasing P from 11 to 30 mm Hg (as done with the
Gertz technique [29] for estimating P5) causes that
parameter to rise by 4.1 mm Hg. On the other hand,
without any correction for a Hct-induced viscosity
effect at RE, a change in Hct from 50 to 30 vol% is
shown by the model to cause a mere 0.3-mm-Hg
change in capillary pressure. All these effects on Pg
are explicable on the basis of a primary change in
SNGFR and the resultant effect on efferent arteri-
olar blood flow. Thus, at a given glomerular blood
flow, any factor that lowers filtration also increases
F—0
0
LL
a
Aff. 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 Eff.
Fractional capillary length
Fig. 3. Profile of change in effective filtration pressure (EFP),
glomerular capillary pressure (Ps), glomerular filtration
(SNGFR), colloid oncotic pressure (COP), net hydrostatic pres-
sure (P — Pa), and serum protein concentration (PROT) as a
function of length along the glomerular capillary, assuming val-
ues for RA, RE, P,, PE, Kf, HctA, MAP, and PROTA shown in
Table 1 (standard conditions).
366 Oken et al
30
4. I I
U-O 20
O—.O PROT 5.8 g/dl
•s PROT 5.0 g/dI
flow across RE and augments Pg. Factors that in-
crease SNGFR may be predicted to have the oppo-
site effect. It is intuitively apparent that changes in
PROTA, Kf, HCtA, and Pt will indeed affect SNGFR,
and the model not only confirms that fact but also
quantifies the degree of change in Pg that results.
Figure 5 shows the effect of Kf on SNGFR when
Pg and blood flow are made to vary by changing RA.
At any given value for RA, SNGFR changes mini-
mally as Kf rises above the published normal value
of 5 nlJminmm Hg and falls very modestly at K
values down to one-third that of normal. The near
constancy of SNGFR at Kf values between 5 and 10
nllmiirmm Hg cannot be attributed to filtration
pressure equilibrium (see Table 2), which is lacking
within this range of K values.
An isolated change in RA causes GBFA, Pg, and
SNGFR to change as a curvilinear function of RA
between 2 X 1010 and 5 X 10° dyne seccm5. Plot-
ting Pg and SNGFR as a function of GPFA as RA
changes, however, a linear relationship obtains
(Fig. 6). A similar relationship holds when RA and
RE undergo equal change in tandem, although, as
seen in Table 3, Pg changes little within this range of
resistances. The relationship between RE and
SNGFR revealed by the model is intriguing. Under
the conditions presumed here, the SNGFR of nor-
mal hydropenic rats is assumed to be 27.5 nI/mm,
and R is assigned a value of 2 X l0'° dyne
seccm. According to the model, this SNGFR val-
ue can be made to increase by a maximum of only
some 3 nllmin by raising the presumed resistance of
RE to a value between 2.5 X lO'° and 6 X 10'° dyne
sec-cm5. Within this range of RE, SNGFR is a!-
most constant, and further increases cause SNGFR
to fall modestly. Decreasing the resistance of RE be-
low its presumed "normal" value produces a pre-
cipitous fall in SNGFR, filtration ceasing entirely
when RE decreases to 0.8 x 10'° dyne sec cm5.
Thus, the model shows that an isolated change in RE
can raise SNGFR relatively little but potentially is
able to markedly inhibit or even abolish filtration
(Fig. 6).
Table 3 shows the effect on glomerular dynamics
predicted by the model if effective efferent arteri-
olar resistance is presumed to change as a function
of change in Hct2. With viscosity effects consid-
ered, filtration pressure equilibrium still need not be
achieved despite major upward and downward
changes in Pt, Kf, PROTA, MAP, HctA, and solitary
or simultaneous changes in RA and RE from report-
C
a,
a
a,(I)
8-
6
RA
dyne seccm5 X 1070
30
0
C
S00,
20
- F
C,C0
Hydraulic conductivity, n//rn/n -mm Hg
R
0 0.2 0.4 0.6 0.8 1.0
Fractional capillary length
Fig. 4. Semilogarithmic plot of serum protein concentration
(PROTI and co/bid oncotic pressure (COP) as a function of
length along the capillary assuming standard conditions. Linear-
ity does not obtain.
dyne sec-cm—5 X 1Q70
C
U-0z
0 1 2 3 4 5 6 7
Hydraulic conductivity, nI/rn/n -mm Hg
Fig. 5. Single nephron filtration rate (SNGFR) as a function of
hydraulic conductivity at different values for afferent arteriolar
resistance (RJ and thus differing blood flows. Standard condi-
tions otherwise are applied with (A) and without (B) viscosity
modulation of effective efferent arteriolar resistance. SNGFR
rises slightly between K7 4 and 7 at all values for RA.
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ed normal values. FPE is attained at lower values
for Pt (22 vs. 32 mm Hg) and PROTA (7 vs. 8.6 gldl)
when the viscosity correction is made, and a fall in
HctA has a far greater effect on SNGFR and GBFA
with this correction (Table 3) than it does without
(Table 2). The consequences of including viscosity
modulation of efferent arteriolar resistance in the
model may be seen in Table 3 from the ratios of the
computer derived (that is, effective) resistances to
the fixed resistance values entered (Rcaic/Rentere).
This ratio predictably changes at RA only when
HctA is changed. With viscosity considered, equal
concomitant purturbations in RA and RE affect filtra-
tion fraction (and thus HctE) minimally and are seen
to produce essentially no change in effective ef-
ferent arteriolar resistance. Because relatively little
change in filtration fraction results from adjust-
ments in Kf from 2 to 10 nIJminmm Hg (Table 2),
the viscosity correction makes little difference, but
major effects on all aspects of glomerular dynamics
are seen with changes in PROTA, Pt, and RA large
enough to significantly increase or decrease
SNGFR and FF. Altering HCtA itself has profound
80 effects on blood viscosity (assuming viscosity as a
function of Hct2), and thus inevitably greatly influ-
ences effective afferent and efferent arteriolar resis-
tances regardless of the change in FF that results.
60 , SNGFR and GBFA values found in the laboratory
after changing HctA [30] or PROTA [31], however,
have been far lower than those predicted by the
model with the viscosity term included. It would
thus be assumed that blood viscosity in vessels the
40 size of glomerular arterioles either is not a function
of Hct2 or that any change in viscosity is largely off-
set by compensatory changes in vessel diameter.
Discussion20
A great deal of insight into glomerular function
can be derived from mathematical modeling. Quite
early, Gomez [8], Lamport [9], and Smith et al [10]
used models that portray the instantaneous relation-
ships between pressures, resistances, and blood
flow through the glomerulus, a treatment that has
been greatly extended in other laboratories [11, 13].
The glomerulus is, in essence, a group of capillaries
interposed between two resistances. Anatomically,
it is a simple system lending itself to modeling as
readily as other capillary beds. Functionally, how-
ever, the situation is greatly complicated by the
presence of colloid in blood coursing along the cap-
illaries and by the effect of substantial filtration on
that colloid concentration. Glomerular filtration, in
turn, is a complex function dependent not only on
the hydrostatic pressure within the system but also
on the systemic protein concentration, glomerular
filtration occurring more proximally, glomerular
blood flow, Kf, and hematocrit. A change in gb-
merular filtration, plasma flow, or net filtration pres-
sure cannot occur, however, without a prior change
in glomerular resistances and/or other parameters
that themselves affect GFR. In modeling the gb-
merulus, therefore, one should not assume an iso-
lated change in any dependent variable (for ex-
ample, GPFA, Pg, zP) without concern for the an-
tecedent perturbation in the dependent variables
needed to produce that change. Furthermore, as
shown in Fig. 7, change in one or more variables
produces a complex chain of change in many other
parameters that regulate glomerular dynamics.
Thus, if GFR increases or decreases for any reason,
COP and flow across RE also will change and reflect
on both Pg and GBFA. Any effect on GBFA will
modulate the pressure drop across RA and change
P5. Altered P5 will itself affect GFR with a resultant
adjustment of COP, and so forth. The present mod-
el was developed to reflect this intimate relationship
50 60 70 80 90 100
Glomerular plasma flow, n//mid,
Fig. 6. Relationship between SNGFR and glomerular capillary
hydrostatic pressure to glomerular plasma flow produced by soli-
tary change in either afferent or efferent (ARE) arteriolar
resistance without efferent arteriolar resistance modulated as
fUnction of Hct2. Change in RA produces linear change in
SNGFR and major change in glomerular capillary pressure (Pg).
Despite an almost linear inverse relationship between GPFA and
pg with change in RE, SNGFR shows a peculiar relationship with
a maximum value range between 75 and 55 nl/min. corresponding
to RE of 2.2 to 5.6 x 1O'° dyne sec cm5 (1.1 to 2.8 times as-
sumed) normal. See text.
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MAP, mm Hg
135
usa
80
HCtA, vol%
30
40
50k'
12.5 175.4 31.7
27.5 153.3 42.1
30.2 141.0 47.9
30.6 124.3 55.9
39.4 180.0 49.5
27.5 153.3 42,1
5.6 105.9 29.6
67.6 413.6 44.3
46.6 235.5 43.4
27.5 153.3 42.1
30.5
41.3
47.6
55.8
48.7
41.3
29.3
34.0
39.3
41.3
1.7 1.1 3.8
0.8 2.0 3.8
0.3 2.7 3.8
0.1 3.9 3.8
0.8 2.2 3.8
0.8 2.0 3.8
0.3 0.6 3.8
10.3 1.4 0.8
4.1 2.4 1.4
0.8 3.8 2.0
0.85
1.00
1.08
1.19
1.11
1.00
0.78
0.40
0.70
1.0
0 Presumed normal conditions are given in the footnote to Table 2. Except where RA and RE are varied in tandem, parameters are
changed singly, all other independent variables remaining at their "normal" values. Effective RE, however, varies with HCtE and is
corrected for Hct assuming a normal HCtA of 50 vol% and viscosity = f(Hct2). Rcalc/Rentered represents the ratio of effective to assumed
resistances at RE. Change in MAP presupposes no autoregulation.
between the various parameters implicit to gb- unique capability of the SPICE 2 computer program
merular dynamics. It is no more complex than other to feed the change occurring at any point in the sys-
models, however, deriving its power from the tern back to all of the variables directly or indirectly
Table 3. Effect of afferent (RA) and efferent (RE) arteriolar resistances, arterial pressure (MAP), serum protein concentration (PROT.0)
hydraulic conductivity (K1), capsular pressure (Pt) and systemic hematocrit (HctA) on filtration parameters assuming
RE changes as function of Hct2 (see text).
SNGFR GBFA PUE COPE + P PE
Effective resistances
RE RA
dyne sec' RE
ni/mm ni/mm mm Hg mm Hg mm Hg cm5 >< 10° R001IR,,1
RE + RPE, dyne sec ' cm' >< 10°
1.3
2.0
2.5
3.3
RA, dyne sec ' cm5 )< 1010
2.1
3.80
4.7
6.3
7.6
K0, ni/mm mm Hg
2
5a
10
53.9
27.5
17.8
6.2
0
213.3 58.7
153.3 42.1
132.2 36.5
107.3 30.0
93.2 26.5
57.8
41.3
35.9
29.7
26.5
38.4
41.3
41.2 (9)
24.3 154.4 41.6
27.5 153.3 42.1
28.3 153.0 42.2(2)
0.9 2.4 2.1
0.8 2.0 3.8
0.6 1.8 4.7
0.3 1.6 6.3
0 1.4 7.6
3.2 1.9 3.8
0.8 2.0 3.8
0.3 2.1 3.8
1.14
1.00
0.92
0.79
0.70
0.97
1.00
1.03
PROTA, g/dl
1 60.3 135.4 50.7 38.9 11.8 4.3 3.8 2.15
3 46.8 144.9 46.2 44.5 0.7 2.9 3.8 1.45
50 27.5 153.3 42.1 41.3 0.8 2.03 3.8 1.0
6 15.9 156.9 40.4 39.7 0.7 1.71 3.8 0.59
8 0 ** 0
Pt, mm Hg
6 32.4 151.5 43.1 42.6 0.5 2.21 3.8 1.10
110 27.5 155.3 42.1 41.3 0.8 2.03 3.8 1.00
15 21.4 155.3 41.1 40.1 1.0 1.85 3.8 0.93
21 6.5 159.4 39.2 38.6 0.6 1.52 3.8 0.76
22 0 160.6 38.9 38.9 0 1.4 3.8 0.71
RA Ra+RPE
dyne sec 'cm5 x J0
44.6 273.0 42.9 39.1 3.6 1.1 2.1 1.02.1 1.1
2.7 1.5 36.8 213.4 42.4 40.3 1.1 1.5 2.7 1.0
3.8a 2.0 27.5 153.3 42.1 41.3 0.8 2.0 3.8 1.0
4.7 2.5 22.2 123.0 41.9 41.5 0.4 2.5 4.7 1.0
6.3 3.3 16.7 92.6 41.6 41.5 0.1 3.3 6.3 1.0
9.5 4.9 11.1 62.0 41.3(3) 41.3(3) 0.02 4.9 9.5 1.0
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Fig. 7. A schematic drawing of the intimate interrelationships
between the various determinants of glomerular dynamics. Ar-
rows depict the sphere(s) of influence of each constituent param-
eter which, when changed, may set forth a chain of alterations in
other key determinants. Such effects are detected and quantified
by the model.
on its sphere of influence before a final computation
is performed. No other glomerular model has this
ability. Thus, entering values for RA, RE, Reap,
MAP, P1, PROTA, and Kr—the independent de-
terminants that are key to glomerular function—and
allowing the dependent variables (Pg, SNGFR,
GFBA, GBFE, COPE, GPFE, PROTE and HctE) to
float, we have examined the dynamics of glomerular
filtration in a model that behaves very much like a
real glomerulus.
Glomerular capillary filtration pressure in the
normal rat is commonly, but not universally [32-
34], held to be totally dissipated at some point prox-
imal to the efferent arteriole, a condition of so-
called filtration pressure quilibrium [3511.At present,
micropuncture methodology is unable to reveal
whether filtration equilibrium, if present, is
achieved precisely at the distal end of the capillary
or is reached more proximally, and prior models
cannot distinguish between these two possibilities.
With representative published values for the inde-
pendent variables that regulate glomerular filtration
in normal hydropenic rats [21-25], the present mod-
el shows that filtration pressure equilibrium is ap-
proached but not reached unless very large changes
in RA, RE, Pt, HctA, MAP, or Kf are introduced. As
shown in Table 3, the inclusion of an element to
change effective arteriolar resistance as a function
of Hct2 still requires that major changes in these pa-
rameters be introduced in order to obtain FPE. Al-
though FPE is not fully achieved, Tables 2 and 3
show the very small magnitude of net filtration pres-
sure remaining at the capillary's end under a variety
of conditions. Indeed, net filtration pressures this
small could not be detected experimentally. It might
thus be argued that with end-capillary effective fil-
tration pressures below 1 mm Hg, filtration pressure
equilibrium is so nearly achieved as to be consid-
ered present. The importance of that small net re-
sidual pressure is not so much its actual magnitude,
however, but the demonstration that filtration oc-
curs along the entire capillary surface rather than
ceasing at some more proximal site.
An increasing literature relates changes in gb-
merular function to altered capillary hydraulic con-
ductivity. The latter has been reported to fall by
some 20 to 50% in response to a variety of vasoac-
tive and other hormones [22, 36, 37], glomerular in-
jury [36, 39], nephrotoxins [40], increased tubular
pressure [41], and reduced serum oncotic pressure
[27]. The model shows that a 20% decrease in Kf
would, however, have an almost inconsequential ef-
fect on glomerular function (a fall in SNGFR of 0.8
nI/mm) in the absence of change in other parame-
ters; a 50% fall in K would lower SNGFR by only
3.7 nI/mm. Even when afferent arteriolar resistance
is increased by 30% and plasma flow is thus reduced
by some 23%, SNGFR is seen to fall by only an
additional 2.4 nI/mm as Kf is lowered from the re-
ported normal value of 5 nl/minmm Hg to 2.5 nh
minmm Hg. SNGFR change with Kf is no more
impressive when RA is reduced rather than in-
creased (see Fig. I of the Appendix). Both Blantz
[27] and Brenner et al [26] have commented on the
relatively small effect of K change on SNGFR pre-
dicted by their models, but the effect of K change
predicted by the present model is even less than
their estimates would suggest.
Total gbomerular vascular resistance can be al-
tered by a solitary change in RA or RE, concomitant
changes in these two resistances, or by having op-
posite changes in RA and RE occur simultaneously.
As shown by Table 4 and Fig. 6, the effects of such
resistance changes on glomerular dynamics are
quite different. Changing RA alone, for example,
causes SNGFR to change linearly with GBFA. In-
troducing equal concomitant changes in RE and RA
again causes SNGFR to change linearly with
GBFA, but, in sharp contrast to the situation where
RA is changed alone, Pg changes little over a wide
range of resistances. Altering RE alone reveals a
highly complex relationship between SNGFR and
GBFA, major increases in RE producing little effect
on SNGFR whereas filtration is reduced or even
abolished by lowering this resistance. As might be
GFR
N ///ll\
PROTAPROTc._*COPc Pt K
t
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Table 4. Effect of reciprocal changes of afferent (RA) and efferent (RE) arteriolar resistances on independent variables of glomerular
dynamics (total resistance is constant, 5.8 dyne see cm5 x 1O"
RA
dyne Sec cm5
R
X 1010
SNGFR
nI/mm
GBFA
nI/nun
Pgg
mm Hg
COPE + P1
mm Hg
PE
mm Hg
2.0 3.8 50.2 176.7 70.6 70.4 0.2
2.6 3.2 43.5 167.8 60.3 60.1 0.2
3.2 2.6 36.3 160.1 50.8 50.6 0.2
3.8a 2.0 27.5 153.3 42.1 41.3 0.8
4.6 1.2 10.1 147.5 31.1 30.3 0.8
5.0 0.8 0 143.2 26.6 26.6 0
a Presumed normal conditions are given in the footnote to Table 1. No viscosity modulation of RE is assumed. Note the steep change in
SNGFR and PgE relative to the change in GBFA.
predicted intuitively, Pg decreases steeply when RE
relaxes sufficiently to permit a measurable change
in GBFA, a direction of change opposite to that seen
when RA is adjusted. Keeping RT constant while
changing RA and RE reciprocally causes an extreme-
ly steep, curvilinear change in Pg and SNGFR, and,
although total resistance is held constant through-
out the range of perturbation, GBFA is seen to
change significantly due to differences in SNGFR
and the rate of flow across RE. The actual values,
shown in Table 4, underscore the intimate relation-
ships between SNGFR, flow across RE, and gb-
merular blood flow.
The linear increase in SNGFR with plasma flow
found experimentally [43] has been interpreted as
evidence for the "plasma flow dependence" of gb-
merular filtration. This concept holds that filtration
pressure equilibrium normally is established at
some point proximal to the efferent arteriole, and
that raising plasma flow not only permits filtration
to occur over the entire length of the capillary but
also limits the rise in COP resulting from filtration.
Although the model shows that filtration pressure
equilibrium is not established under physiologic
conditions, there can be no doubt that increasing
glomerular plasma flow will restrict the rise in COP
if all other factors —expecially P5—remain constant.
It may be noted, however, that gbomerular blood
flow cannot change without first altering arterial
pressure or effective renovascular resistances.
Changing RA alone, P rises linearly from 31 to 55.9
mm Hg as gbomerular plasma flow increases from
44.6 to 118.2 nllmin. Afferent effective filtration
pressure is almost doubled. Because SNGFR is ex-
pected to follow Pg closely, a linear relationship be-
tween plasma flow and filtration will obtain without
involving the concept of plasma flow dependence.
Change in RE alone produces the highly complex
relationship described above in which SNGFR re-
mains essentially constant over a wide range of
plasma flow and falls, rather than increasing, at
higher plasma flow rates. When plasma flow is made
to increase or decrease by equal changes in RA and
R, however, a rise in glomerular plasma flow from
64 to 185 nllmin is associated with a mere 2.9-mm-
Hg rise in Pg but SNGFR increases linearly from
23.1 to 58 ni/mm. This clearly is an example of
plasma flow dependence of SNGFR, there being no
other factor to explain this 2.5-fold rise in SNGFR
other than the flow-related effect on capillary blood
colloid oncotic pressure. Nowhere else within the
range of resistances used, however, was filtration
pressure equilibrium established. Thus, plasma flow
dependence is shown by the model to obtain in this
special circumstance but not when blood flow is al-
tered by other patterns of afferent and efferent arte-
riolar resistance change.
The model's prediction of a significant change in
Pg with increasing tubule pressure is not unexpect-
ed, flow across RE changing as a direct result of
change in SNGFR. This prediction is contrary to
published micropuncture results, however, stop
flow estimates of Pg reportedly being identical with
those found by direct capillary measurement in the
same animals [42—44]. if these experimental results
are correct, one must thus postulate a com-
pensatory relaxation of RE, contraction of RA, or
both when tubular pressure rises, a phenomenon
that could not be foreseen by the model.
The need for inclusion of (or even the propriety of
including) a viscosity correction at RE is uncertain.
Assuming a change in viscosity as a function of Hct2
(the upper limit of relationship), only modest quan-
titative differences in glomerular function are in-
troduced for the most part, and conclusions con-
cerning filtration pressure equilibrium, plasma flow
dependence of glomerular filtration, and the small
effect of K change drawn from the basic model are
not affected. Change in systemic hematocrit, how-
ever, (modifying the effective resistance of both RA
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and RE), is seen to have an inordinately large effect
on glomerular dynamics with this viscosity consid-
eration. Thus, a change in systemic hematocrit from
50 to 40 vol% is predicted by the model to cause
SNGFR and glomerular blood flow to rise by some
70 and 54%, respectively, whereas Pg falls by only
1.3 mm Hg. Lowering HctA to 30 vol% produces a
greater than twofold rise in SNGFR and GBFA.
Such marked effects are not seen in the laboratory
[30], the values reported being far more in keeping
with the modest changes in blood flow and GFR ob-
tained by the model without viscosity modulation.
Massive change in glomerular resistances, there-
fore, would need to accompany such changes in he-
matocrit to account for the reportedly minor effects
of hematocrit on glomerular dynamics, and it seems
likely that blood viscosity in glomerular vessels is
not, in actuality, a function of Hct2. As stated ear-
lier, the results outlined above were obtained by us-
ing assumed values of Reap that produce little axial
pressure drop along the capillary. To assure that
this assumption, if wrong, has not overly distorted
our results, we have performed these same determi-
nations by using an assigned Re value of 2.6 x l0
dyne sec cm-5 with its attendant 4.1 mm-Hg axial
fall in pressure. At this assigned Reap value, FPE
now occurs in the distal 10% of the capillary when
RA, RE, R1, PROTA, Hct, and Kf are assumed to
have the same published basal values [2 1-25] given
in the footnote to Table 2. True FPE is lost, how-
ever, if PROTA is lowered from 5 to 4.5 g!dl, RA falls
to 2.7 x 1010 dyne sec cm—5 (29% below baseline),
Hct is lowered to 45 vol%, or K1 falls minimally to
4.5 nI/mm mm Hg (zK1, 0.5 nl/min mm Hg). FPE
also is lost when RA and RE fall in tandem by only
16%. Changing P1 or RE either up or downward does
not cause departure from FPE, although raising ei-
ther parameter moves the site at which FPE is at-
tained more proximally. As with lower values as-
signed to Reap' the colloid concentration and COP
do not rise semilogarithmically within the capillary.
Lowering K1 from 5 to 2.5 nl/min mm Hg causes
SNGFR to fall very little (2.5 nl/min), and changes
in SNGFR resulting from solitary alterations in RA
and RE again cannot be attributed to plasma flow
dependence, which is seen only with concomitant
changes in these two resistances (see below). Basal
values for SNGFR are little different (1.2 nl/min) at
the two assigned values for Reap' and calculated
GPFA values are found to differ by a mere 3 ni/mm.
Thus, the model shows that uncertainty in the true
value of Reap does not greatly influence the values
found or the conclusions drawn in this study. The
results obtained, however, were derived from ex-
perimental data reported for the rat, and these are
distinctly different from values measured in the dog
and calculated for humans. Conclusions drawn
should not be extrapolated between species, there-
fore, without direct testing. Fortunately, the model
may be applied unchanged for any species so long
as the values of the independent variables needed
for the program's execution are known.
Appendix
The basic computer program for the study of glomerular dy-
namics is shown in Fig. I (Appendix). Introducing successive
changes (ramping) of P from a value of, for example, 11 mm Hg
to 21 mm Hg at 2-mm-Hg intervals would be accomplished by
substituting a new program card for VVF reading: VPT 8 0 PWL
(011111101320133015401550176017701980199021 100
Fig. 1. (Appendix). Basic computer program for evaluation of
glomerular dynamics.
TillS IS IME PROTOTYPE f3 Vi ?APEP
.SJBCKT GLOMA 1 2 3 .. 21 22 5
VJflOT 1 2 0
1'I I 0 1(25
R1'j21 21 0 1(25
VJRBC 21 22 0
VJVIN 3 6 0
VJvOUT 8 4 0
FJVOUT 0 tO POLYta
RUlO 10 0 1
RCfl1 6 7 O.410E4
RCAP2 7 6 0.'1OE—4
GCS*JVS 11 0 POLY(2)
FJS 0 11 VJPRQI 1
R14V11 11 0 1(25
C3P 0 12 II 0 0 2.1 0.16 O.00
RJDP U 0 L
P4F Q 13 POLY(2) 9 12 0 0 1 -I
RIJPUF 13 0 1
VrILSUB 1 9 01L 9 5 13 0 0.5
• E '405
VPflP 1 0 115
VIMAP 12 0
RE 5 10 0,24
rjac 0 200 VII4AP 0.5
FJPIN 0 4 _VMAP ?.5
RA 2 3 0.475
VPI 8 0 11
19 6
VPE 60 10
VFIL 7 8 0
Xl 4 101 ,3 11
*2 101 102 11
X3 102 103 12
Ak J03 10' 13
AS 104 105 14
X6 105 106 15
A? 106 107 16
*8 107 108 I?
a 108 109 16
A19. 109 Q 1 S
VAl 51 7 0
VU 52 7 0
VA353 7 0
VA 54 7 0
Vx 55 7 0
•V6_ 56 7 0
vu si 7 0
VU 58 7 0
V*9 59 7 0
VJVQUT VJRBC 0 1 —1
11 0 10 0 0 0 0 0 1
200 201 51 IL011A
12 201 202 52 SL3MA
13 202 203 53 SLDMX
14 203 204 54 Gh.OMX
15 204 205 55 GLOU
16 205 206 56 .OM*
17 206 207 57 GLOMA
18 207 206 58 GLOMAfl 208 209 59 5L.OMA
209 Q 60 QLOMX
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Fig. 2. (Appendix). Modfi cation of the basic computer program to permit viscosity modulation of effective efferent arteriolar resistance.
The enclosure shows the program cards substituted for RE in the basic program.
21). Similar procedure is followed in ramping VMAP and other
constant voltage sources. Ramping resistances requires the addi-
tion of a "clock" and its unit resistor: VCLK 30 0 PWL (0 111
10 1.220 1.2 30 1.440 1.4 50 1.660 1.670 1.880 1.8902.0 100
2.0), and RU3O 30 0 1 to control RA, RE, or Rap. Simultaneous
equal changes in two or three of these resistances would utilize
the same clock, Other clocks may be added (with their unit resis-
tors) to have differential control of each resistance. The resis-
tance program card is replaced by one reading, for example,
GRE 5 10 Poly (2) 5 1030000004.1667, the last term being the
inverse of the basal value of RE, the first term 5 10 showing the
location of GRE in the circuit, Poly (2) indicating a polynomial of
two arguments, and the subsequent terms 5 10 and 300 indicating
the control points for GRE. The value 4.1667 represents the con-
stant that multiplies the product of XY in the polynomial, and the
preceding four zeros are the values of a1, aix, a3y, a4x2. Ramping
voltage-regulated current sources, for example, GF1L (K1), re-
quires addition of a clock and unit resistor to multiply GFIL by
the appropriate values; GF1L is changed to read GF1L 9 5 Poly
(2) 13 0 30 0 0 0 0 0 0.5 to direct the computer that GF1L lies
between nodes 9 and 5, is controlled by nodes 13 and 30, and has
a basal value of 0.5 per reticulation (that is, K1 = 5).
The optional input for automatic modulation of RE by viscosity
as a function of bHcta is shown in Fig. 2 (Appendix). This circuit
substitutes for the RE program card and is complicated by the
fact that the computer solution will not converge in DC analysis
unless first forced to obtain a steady-state solution for RE without
the viscosity term. Thus, there are two devices representing RE
in parallel (GRE and GREV) between nodes 10 and 35, GREV
having a fixed value for the initial value of RE as in simple ramp-
ing of RE and GRE being controlled by the computed viscosity
term fed in from node 37. The latter is obtained by dividing RBC
volume by the volume of blood exiting from the glomerulus at
node 32, raising that value to its square at GVISC as a poly-
nomial of 1 argument (node 33), and dividing the output at
GXHCT into IHCT at node 37 to give the reciprocal of the rela-
tive viscosity referred-to basal conditions, where the exit Hct is
assumed to be 60.4 vol%. VCLK initially is assigned a value of!,
and VCLO (controlling GRE) is set at zero. Thus, the resistance
of GRE, the viscosity-controlled resistance, has infinite resis-
tance, and GREV has the basal value, the inverse of RE. At 30
seconds, the values of VCLK and VCLO are reversed, rendering
GREY infinite and permitting computation of RE as a function of
viscosity. The computer input encompassing this portion of the
program is shown in Fig. 2 (Appendix).
According to current thought, P is determined in large part by
the flow of filtrate through distal segments of the nephron, both
filtration rate and proximal segment absorption thus contributing
to its value. Tubular compliance doubtlessly would be involved
in determining the value of P attained with a large acute change
in either parameter. Using data from one laboratory [25, 35],
Huss, Marsh, and Kalaba [13] have described the relationship of
P to SNGFR according to the equation: P = 7.5 + 0.135
SNGFR. Thus, according to that equation, P1 would be some 7.5
mm Hg in the total absence of filtration, and an increase in
SNGFR from 27.5 to 50 nllmin would increase P < 3 mm Hg.
Scrutiny of the micropuncture literature from different laborato-
ries does not totally support this exact relationship between P1
and SNGFR, and the accuracy of that equation at very low or
very high SNGFR values is not fully established. Accordingly,
we have opted not to include a defined relationship in our model
and are aware that a degree of error may be introduced with ex-
treme changes of SNGFR. Should one wish to modulate SNGFR
according to the equation of Huss et a! [13], it would only be
necessary to substitute a current-regulated voltage source HPT
for YPT between nodes 8 and 0, using a card reading HPT 8 07.5
0.13!.
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